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(57) Abstract 

Material such as biological material is encapsulated within a semi-permeable membrane by suspending the material 
in a medium which comprises an effective amount of a gelling inducer; forming said suspension into a droplet of a size 
sufficient to envelop said material; and then forming a discrete capsule by contacting the outer surface portion of the 
droplet with a gelling solution comprising an effective amount of a gel forming polymer which gels upon contact with said 
gelling inducer. 



FOR THE PURPOSES OF INFORMATION ONLY 



Ck)des used to identify St^^ 
cations under the PCL 



AT Austria 
AU . Australia 

BB Barbados 

BE Belgium 

BG Bulgaria 

BJ Benin 

BR Brazil 

CF Central African Republic 

CG Congo 

CH Switzerland 

CM Cameroon 

DE Germany, Federal Republic of 

DK Denmark 

Fl Finland 



BR France 

GA Gabon 

GB United Kingdom 

HU Hungary 

IT Italy 

JP Japan 

KP Democratic People's Republic 

of Korea 

KR Republic of Korea 

LI Liechtenstein 

LK Sri Lanka 

LU Luxembourg 

MC Monaco 

MG Madagascar 



ML Mali 

MR Mauritania 

MW Malawi 

NL Netherlands 

NO Norway 

RO Romania 

SD Sudan 

SE Sweden 

SN Senegal 

SU Soviet Union 

TD Chad 

TG Togo 

US United States of America 



WO 89/01034 



1 



PCT/US88/02413 



ENCAPSULATION OF BIOLOGICAL MATERIALS IN SEMI-PERMEABLE MEMBRANES 

Technical Field 

The present invention relates to encapsulated products. 
More particularly, the present invention relates to a process for the 
5 encapsulation of bioactive materials in semi-permeable membranes of 
gel forming polymers. 

Background Art 

Encapsulation processes are finding increasing use in a 
variety of areas of biotechnology. Such processes are used to 

10 encapsulate various materials such as enzymes, hormones, drugs, 
adsorbents and cells which can then be used in bioreactors, artificial 
organs, bioseparation systems, controlled drug-release systems, and so 
forth. Prior art processes often require harsh conditions such as the 
use of non-aqueous solvents, extremes of pH, or high temperature. 

15 Such techniques are inherently unsuitable for encapsulating delicate 
biological materials such as live cells and labile proteins. Ideally, 
encapsulation techniques for biological materials should use mild 
conditions and a membrane material which is inert and non-toxic to the 
material being encapsulated. Also, the encapsulation technique should 

20 provide a semi-permeable membrane and allow for adjustment of membrane 
thickness and nenibrane pore size. Preferably, the charge on the 
membrane should be adjustable to suit different applications. The 
membrane should also be strong enough to withstand liquid-shear or the 
friction effects arising out of agitation. 

25 A well known membrane encapsulation method is the poly 

(L-lysine) - alginate nembrane method which involves formation of a 

polyelectrolyte membrane ccmplex . In this method the mixture of 

bioactive material and sodium alginate is extruded through a droplet 

+2 

forming device into a buffer containing calcium chloride. The Ca 
30 cations cross-link the alginate matrix almost instantaneously to form 
gel beads. The beads are then treated with poly-l-lysine to displace 
the calcium ions in the outer layer to form a polyelectrolyte-canplex 
membrane. Calcium alginate gel in the interior of the bead is then 
liquified using a calcium chelating agent. Membrane encapsulation 
35 methods do not suffer frcm the problems observed in gel entrapment. 
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In animal cell culture applications it has been observed that cells 
grow profusely within membrane capsules to reach tissue like 
densities. However this method involves a large number of processing 
steps. This method also provides a membrane which is charged due to 

5. its polyelectrolyte nature. Also, the membrane has relatively poor 
mechanical strength and poor chemical stability in the presence of 
electrolytes such as heparin, polysulfonic acid and polyphosphoric 
acids which interact more strongly with alginate or poly (L-lysine) . 
Furthermore, liquified alginate remains within the capsule. Alginate 

10 can interfere with the functioning of bicmaterial by conplexing with 
multivalent ions or other charged macranolecules. Alginate can also 
adsorb on positively charged surfaces and cause fouling. 

Thus, there remains a need for an improved process for 
encapsulation of bioactive materials and it is an object of the 

15 present invention to provide such an improved process. Further 
understanding of this invention will be had from the following 
description and claims. All parts and percentages herein are by 
weight unless otherwise indicated. 

Disclosure Summary of the Invention 
20 m accordance with the present invention, the desired 

mate r i a l is encapsulated within a semi-permeable membrane by a process 
comprising the steps of: 



(A) suspending said material to be encapsulated in a medium 

which is compatible with the material and which 

25 canprises a small, effective and diffusible g ellin g 

+2 + 

inducer such as Ca , K , polyphosphate, etc. 
Optionally, the medium may also contain a viscosity 
enhancer; 



(B) forming said suspension into a droplet of a size 
30 sufficient to envelop said material, said droplet 

having an outer surface layer; 



(C) gelling said droplet to form a discrete capsule by 
contacting said outer surface layer with a ge llin g 
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solution comprising an effective amount of a gel 
forming polymer which gels on contact with said gelling 
inducer. 

Optionally, the outer surface layer of the capsule can be coated with 
5 a second polymer to form a composite membrane. Alternatively, the 
gelling solution comprises an effective amount of a second gel forming 
polymer in addition to the first gel forming polymer. The capsules 
formed after the gelation of the first polymer can be removed from the 
polymer solution. The physico-chemical conditions can be altered to 
10 induce the gelling of the second polymer entrapped within the capsule 
membrane. 

Detailed Description of Modes for Carrying 
Out Preferred Embodiments of the Invention 

In accordance with the present invention, a gel forming 

15 polymer system is used to form a semi-permeable -membrane encapsulating 
various materials, It will be appreciated that the process of this 
invention is particularly well suited for use in encapsulating 
biological materials. Unlike most of the known processes for 
encapsulating biological materials the present process ensures that 

20 most of the biological material never canes in contact with the gel 
forming polymer. The biological material stays within its original 
environnent in the suspension. Thus, the description of the preferred 
embodiments of this invention is in the context of encapsulating 
biological materials. However, the process of this invention can also 

25 be used to encapsulate other materials and such other uses are 
contemplated to be within the broad scope of this invention. 

The biological material to be encapsulated can be tissue, 
organelle, plant or animal cells, delta cells, whole islet of 
Langerhans, hepatocytes, bacteria, algae, fungi, viruses, proteins, 

30 pharmaceutical cotpounds and so forth. The material must be of a size 
small enough to be suitable for encapsulation by the droplet method of 
this invention but can vary widely in diameter from less than a micron 
to several millimeters. The present process allows viable cells to be 
encapsulated in a serai-permeable membrane allowing cells access to 
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nutrients and other substances necessary for viability but protecting 
cells frcm substances having a molecular weight above a selected size 
such as antibodies , toxins and bacteria. Thus the biological can be 
maintained in a viable state for an extended period of time. 
5 The biological material is first suspended in an aqueous 

medium which is physiologically compatible with the material. The 
medium should comprise required nutrients, be without toxic substances 
and have a suitable pH as f for example, a typical buffered solution. 
The medium also comprises an effective amount of a gelling, inducer. 

10 The gelling inducer is of a type and in an amount effective to diffuse 
outwardly and cause the gel forming polymer to gel when coning into 
contact therewith as described in more detail hereinafter. 
Optionally, the aqueous medium also ccnprises a viscosity enhancer 
such as dextran, hyaluronic acid f polyethylene glycol, starch etc. 

15 The suspension of material being encapsulated is formed into 

droplets of a size sufficient to envelop the material by, for example, 
dropping the suspension through a fine nozzle, capillary tube or 
hypodermic needle. This method is amenable for delicate biological 
mate r ials. Alternatively, the material being encapsulated can be 

20 pelletized using a punch-press type apparatus or using a pellet mill 
for large scale applications. The outer surface layer of the droplet 
or pellet is almost instantly provided with a gelled semi-permeable 
membrane by contacting the outer surface layer with the gel forming 
polymer as by, for example, dropping the droplet into a vessel 

25 containing a rapidly stirred solution of the gel forming polymar(s). 
The gel forming polymer is contacted by the gelling inducer to almost 
instantaneously form a semi-permeable membrane encapsulating the 
droplet. 

The gel forming polymer can be any non-toxic water soluble 
30 gel forming polymer which forms a gel upon contact with a gelling 
inducer. Optionally, the gel forming polymer is an ionotropic gel 
forming polymer such as a water soluble polysaccharide. Suitable 
polysaccharides include those typically extracted from vegetable 
matter and include sodium alginate, guar gum, gum arabic, charagunan, 
35 pectin, tragacanth gum, xanthan gum, and deacylated chitin (chitosan) . 
Iflpon contact with gel inducers the polysaccharide molecules form a 
water-insoluble shape-retaining gel capsule. 
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It is an advantage of this invention that the gel forming 
polymsr cotes in contact only with the outer surface portion of the 
droplet before gelling. There is thus little, if any, effect of the 
polymers on the material being encapsulated. It is another advantage 
5 that this process obviates the need for an initial gel-entrapnent step 
for capsule formation. 

If the type of msmbrane formed using the initial gelation is 
adequate for the particular bioprocessing application desired, the 
capsules can be recovered from the gelling solution and equilibriated 

10 with the desired media. However, the mechanical and chemical 
properties of the capsule membrane can be further altered to suit 
different bioprocessing and biomedical applications. 

In order to alter the membrane a second gel forming polymer 
can be used to impart altered properties to the membrane such as 

15 mechanical strength, chemical stability, pore size and/or surface 
charge. The second polymer can be another polyelectrolyte having 
opposite charge to that of the first polymer. In this case the second 
polymer can be coated on the outer surface of the capsule to complex 
with the initial gel irembrane. The resulting polyelectrolyte complex 

20 imparts greater chemical stability to the capsule. For exanple, 
sodium alginate capsules can be coated with polycations such as poly 
(L-lysine) , polyethylene-imine, chitosan or acrylate/methacrylate 
copolymers (Eudragit® RL 100 from Rohm GmbH, Darmstadt, FRG) to form 
capsules having composite membranes. It is possible to obtain 

25 capsules with desired charge characteristics on either side of the 
membrane. 

Alternatively, the gel forming solution comprises a 
solubilized second gel forming polymer in addition to the first 
polymer. The almost instantaneous gelling of the first gel forming 

30 polymsr to form the initial membrane entraps the second gel forming 
polymer in the membrane. Also due to high viscosity some polymer 
solution may adhere to the exterior of the capsule surface when it is 
renoved from the gelling solution. The capsules can be placed in an 
oil nedium or in a buffer solution containing gelling inducer for the 

35 first and/or polyirer. Both of these approaches curtail any loss of 
the thin liquid polymer solution film covering the capsule. It will be 
apparent to those skilled in the art that the physico-chemical 
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conditions of the capsule can be altered in various ways to induce 
gelling of the second polymer. 

Optionally, the second gel forming polymer can be a thermal 
gel forming polymer. Thermal gel forming polymers undergo gelation 
5 when their temperature is lowered below their gelation temperatures 
and generally have chemical and mechanical properties which are 
superior to ionotropic gels. Though widely used in gel entrapment, 
currently no method exists for membrane encapsulation using thermal 
gels. • A wide variety of thermal gel forming polymers can be used in 

10 the present invention/ including , for example , agarose and 
kappa-carrageenan. 

If desired, the first polymer component of the composite 
membrane can be removed by means well known in the art. For example, 
if the first polymer is an ionotropic gel forming polymer, its 

15 dissolution can be achieved by contacting the capsule with a chelating 
agent after the gelling of the second polymer is complete. 

It will be appreciated that the present process is versatile 
and subject to substantial variation. The membrane can be formed 
using a wide variety of available gel forming polymers. Membranes of 

20 different characteristics can be obtained by manipulating the type and 
the concentration of the polymers. Aqueous thermal gels such as 
agarose, ic-carrageenan, or gelatin may be employed to encapsulate 
delicate materials such as live cells and labile proteins. If the 
mate r ial being encapsulated is relatively stable in the presence of 

25 organic solvents, reactive cross-linking agents and extremes of pH for 
short durations of time, the list of polymers useful herein can be 
further expanded to include precipitation gels (eg. cellulose 
acetate) , polycondensation gels (eg. epoxy and polyurethanes) and 
copolymerized gels (eg. polyacry lamides ) . The capsules formed using 

30 these polymers can be used to encapsulate adsorbents, drugs and stable 
enzymes in membranes of greater structural rigidity and chemical 
inertness. 
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EXAMPLE 1 

This example illustrates formation of calcium alginate 
capsules containing material to be encapsulated- A solution 
containing 0.8% sodium alginate (Sigma A 7128 f type IV) is prepared 
5 and kept stirred using a magnetic stirrer at room temperature. An 
aqueous suspension containing the material to be encapsulated is 
prepared in 0.1M HEPES buffer (pH 7) with 0.1M CaCl 2 and 20% dextran 
(Sigma D 4133) . The suspension is dropped through a hypodermic needle 
to form droplets which fall into rapidly stirred alginate solution, A 

10 capsular membrane forms almost instantaneously around the suspension 
drop due to the cross-linking of the interfacial alginate molecules by 
Ca +2 cations. Prior to the removal of the capsules the polymer 
solution is diluted five-fold by adding required amount of 0.1M HEPES 
buffer (pH 7) . This step dilutes the alginate solution outside the 

15 capsules and reduces the possibility of capsules joining each other 
when they are in close contact, due to the gelation of the alginate 
solution on their exterior surface. Capsules are removed from the 
solution and excess solution is drained using an appropriate size 
mesh. The capsules are transferred to 0.1M HEPES buffer (pH 7) 

20 containing 0.1M CaCl 2 and incubated for one minute to stabilize the 
exterior surface. Finally capsules are equilibriated with the desired 
media. 

EXAMPLE 2 

This example illustrates formation of agarose capsules 

25 con tain ing the desired material. A solution containing 0.5% agarose 

(Sigma A 4018 , type VII) and 0.25% sodium alginate (Sigma A 7128 , type 

IV) is prepared and kept warm and stirred using a magnetic stirrer at 

40 °C. An aqueous buffered suspension containing the biological 

material is prepared with 0.1M CaCl 2 . The viscosity of this 

30 suspension is increased by adding 20% dextran (Sigma D 4100) . The 

suspension is dropped through a hypodermic needle to form droplets 

which fall into the alginate/agarose solution. A capsular membrane 

forms alitost instantaneously around the suspension drop due to the 

+2 

cross-linking of the interfacial alginate molecules by Ca cations. 
35 The formed capsules are separated and shaken vigorously in oil medium 
at 35 °C whereupon agarose in and around the membrane surrounding the 
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drop solidifies and the interfacial tension at the gel-oil interface 

gives rise to a smooth and uniform exterior surface. The capsules are 

+2 

then equilibriated in a buffer containing 0.05M EUEA, vfaich is Ca 
chelating agent, which liquifies and removes Ca-alginate component of 
5 the gel itembrane. Fi nally capsules are washed and placed in the 
desired media. 

The capsules thus formed were found to be reasonably strong 
due to the presence of agarose in the membrane matrix. The capsules 
were also found to be stable in solutions containing high 
10 concentrations of NaCl f EDTA, Phosphate etc. 



EXAMPLE 3 

This example illustrates the formation of chitosan capsules 
containing the desired material. 0.5% chitosan (Sigma C 3646) is 
dissolved in water containing 0.5% (v/v) acetic acid. Material to be 

15 encapsulated is mixed with 1.5% sodiumrtri-poly- phosphate solution 
(pH 5.5) containing 40% dextran (Sigma D 4133) . This suspension is 
extruded through a hypodermic needle connected to an air-jet for 
generating small droplets (0.5 - 1.0 nm diameter) of the viscous 
suspension. Droplets instantly form a chitosan polyphosphate membrane 

20 enclosing the droplet. Capsules are removed frcm the solution and 
further treated in 1.5% sodium-tri-poly- phosphate solution (pH 8.5) 
for a half hour. Finally the capsules are equilibriated in the 
desired buffer. 



EXAMPLE 4 

25 This example illustrates encapsulation of raanmallian cells 

in alginate/poly- (L-lysine) capsules. KB cells are suspended in a 

solution consisting of 10% dextran, 1.3% CaCl- buffered with 13mM 

5 

HEPES (pH 7) at a concentration of 10 cells/ml. The solution is 
extruded through an atomizer into rapidly stirred 0.25% sodium 

30 alginate solution (KELOO, LV) in isotonic NaCl solution. The capsules 
containing KB cells thus formed are removed after diluting the 
solution five fold using isotonic NaCl solution. The capsules are 
subsequently exposed to a 0.05% poly (L-lysine) solution for 5 minutes 
to strengthen the capsules. Finally capsules are removed and washed 

35 with isotonic solution to remove extra poly (L-lysine) before 
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equilibriating with the desired nedia. Cells encapsulated using this 
method remain viable and shew normal growth. 

Industrial Applicability 

Encapsulation processes are finding increasing use in a 
5 variety of areas, particularly in biotechnology. Such process are 
used to encapsulate various materials such as enzymes, hormones, 
drugs, adsorbents and cells which can then be used in bioreactors, 
artificial organs, bioseparation systems, controlled drug-release 
systems, and so forth. 
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1„ A process for encapsulating material within a capsular 
membrane carprising the steps of: 



(A) suspending said material in a medium which comprises an 
effective amount of gelling inducer; 

(B) framing said suspension into a droplet containing said 
material, said droplet having an outer surface portion; 
and 



(C) forming a discrete capsule by contacting said outer 
10 surface portion of said droplet with a gelling solution 

canprising an effective amount of a first gel forming 
polymer which gels upon contact with said gelling 
inducer to form a semi-permeable membrane. 



2. The process of Claim 1 wherein said material is a 
15 biological material and said medium is an aqueous medium 
physiologically compatible therewith. 



3. The process of Claim 2 wherein said first polymer is an 
ionotropic gel forming polymer and said membrane is subsequently 
coated with a polyelectrolyte polymer having a charge opposite to said 
20 first polymer to form a polyelectrolyte complex therewith. 



4. The process of Claim 3 wherein said gelling inducer is 
a polyvalent ion. 

5. The process of Claim 4 wherein said aqueous itedium 
comprises a viscosity enhancer. 



25 6. The process of Claim 5 wherein said biological material 

is selected frcm the group consisting of tissue, organelle , plant 
cells , animal cells , delta cells , whole islet of Langerhans , 
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hepatocytes, bacteria, algae, fungi, viruses, proteins and 
pharmaceutical cxxnpounds. 

7. The process of Claim 6 wherein said first gel forming 
polymer is a polysaccharide gum. 

5 8. Ihe process of Claim 7 wherein said gum is sodium 

alginate, 

9. The process of Claim 8 wherein said gum is chitosan. 

10. The process of Claim 8 wherein said polyelectrolyte gel 
forming polymer is polylysine. 

IQ ii. The process of Claim 10 wherein an interior portion of 

said first polymer is subsequently solubilized and removed fran said 
capsule thereby leaving a capsule membrane made of said 
polyelectrolyte complex. 

12. A process for encapsulating material within a capsular 
15 membrane carprising the steps of: 

(A) suspending said material in a medium which corprises an 
effective amount of a gelling inducer; 

(B) forming said suspension into a droplet containing said 
material, said droplet having an outer surface portion; 

20 (C) forming a discrete capsule by contacting said outer 

surface portion of said droplet with a gelling solution 
comprising an effective amount of a first gel forming 
polymer and a second gel forming polymer, said first 
gel forming polymer gelling upon contact with said 

25 gelling inducer to form a semi-permeable membrane and 

entrapping said second gel forming polymer therein; and 



(D) 



gelling said second gel forming polymer. 
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13. The process of Claim 12 wherein said material is a 
biological material and said medium, is an aqueous medium 
physiologically compatible therewith. 

14. The process of Claim 13 wherein said first gel forming 
5 polymer is an ionotropic gel forming polymer and said gelling inducer 

is a polyvalent ion. 

15. The process of Claim 14 wherein said second gel forming 
polymer is a thermal gel forming polymer. 

16. The process of Claim 15 wherein said aqueous, medium 
10 comprises a viscosity enhancer. 

17. The process of Claim 16 wherein said biological 
material is selected form the group consisting of tissue, organelle, 
plant cells, animal cells, delta cells, whole islet of Langerhans, 
hepatocytes, bacteria, algae, fungi, viruses, proteins, and 

15 pharmaceutical conpounds. 

18. The process of Claim 17 wherein said ionotropic gel 
forming polymer is a polysaccharide gum. 



19. The process of Claim 18 wherein said gum is sodium 

alginate. 

20 20. The process of Claim 18 wherein said gum is chitosan. 



21 . The process of Claim 18 wherein said thermal gel 
for m i n g polymer is agarose. 



25 



22. Hie process of Claim 18 wherein an interior portion of 
said first gel forming polymer is subsequently solubilized and rerroved 
from said capsule. 
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